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Recent knowledge about tree regeneration, shifting mosaic in the herb layer or complex
interactions between cattle activities, vegetation and landscape structure has allowed the
development of a novel, spatially explicit, mosaic compartment model of the dynamics of
silvopastoral ecosystems (WoodPaM). This deterministicmodel considers three hierarchical
levels: the focal level is the phytocoenosis, represented by a cell or a patch in the landscape
with a variable local stock density; herb and shrub communities as well as size-structured
tree populations are the components of each patch at the lower level, spatially implicit;
patches are aggregated in a pastoral management unit building the higher level, with an
externally controlled global stock density.
Simulation experiments were applied to a pasture-woodland landscape in order to assess
the consequences of hierarchically organized ecological interactions on spatio-temporal
patterns of vegetation and cattle habitat use. In the ﬁrst scenario, the global environmental
and management conditions were ﬁxed to their observed initial values. The patterns of veg-
etation and cattle habitat use evolved at very long term toward a permanent state dominated
by wood-pastures, strongly dependent on the spatial conﬁguration of the environment.
Landscape dynamics being very slow, the second scenario took into account the effect of
climate change, by considering a linear increase of the annual temperature, which inﬂu-
enced forage production and the speed of vegetation dynamics. In this simulation, closed
forests and densely wooded pastures tended to dominate, vegetation diversity decreased,
the patterns became unstable and long-period cyclic successions appeared at patch level.
Model simulations emphasized the role of livestock selectivity to preserve vegetation vari-
ability and heterogeneity at long term. A high selectivity occurs at low overall stocking rate,inducing a slow fragmentation of the landscape into open pastures and closed forests and
a decline of wood-pastures. A low selectivity occurs at high utilization rates, decreasing the
heterogeneity of the landscape.
These results are discussed in the light of the recent theories binding grazing ecology and
1996). They result from a long history of past management.woodland dynamics.
. Introductionasture-woodlands are traditional multiuse landscapes in
uropean mountains, especially in Switzerland (Etienne,
∗ Tel.: +41 21 693 37 45; fax: +41 21 693 39 13.
E-mail address: francois.gillet@epﬂ.ch.
304-3800/$ – see front matter © 2008 Elsevier B.V. All rights reserved.
oi:10.1016/j.ecolmodel.2008.05.013© 2008 Elsevier B.V. All rights reserved.Vegetation ranges from open grassland to closed forests,
including wood-pastures with scattered or clumped trees
(Gillet and Gallandat, 1996a, b).
2 ecolog ical modell ingFig. 1 – Wood-pasture dynamics in a pasture-woodland
landscape.
A wood-pasture is not a simple ecotone or interface
between closed forests and open pastures. In such a sil-
vopastoral ecosystem, grassland andwoodland are intimately
associated as the result of a balance between divergent eco-
logical processes (Gillet et al., 2002).
Cohabitation of pasture and woodland in a single and
diverse silvopastoral ecosystem is not easy to preserve. Both
intensiﬁcation and extensiﬁcation of land use may lead to
break down this precarious association (Fig. 1). Such histori-
cal segregation of woodland and grassland has been observed
in many places in the Jura mountains (Barbezat, 2002) and
is still a serious threat on wood-pastures. The recovery of a
wood-pasture either from a closed forest or an open pasture
is not likely to occur without heavy and expensive human
interventions. Understanding dynamic processes at work in
pasture-woodland is necessary to maintain ecosystem goods
and services at a lowest cost.
In grazed areas with a homogeneous abiotic environment,
livestock activities are the main factor that controls plant
and animal community dynamics. One of the new functions
the society asks to the domestic herbivores is to maintain or
improve the biodiversity and the integrity of pastoral or sil-
vopastoral landscapes (Balent et al., 1998). Until little time
ago, a shortage of basic knowledge characterized the relation-
ships between grazing activities and vegetation especially at
landscape level. They involve different levels of organization
either in the case of free ranging animals or when feeding and
spatial behaviour of grazing animals is under human control.
Moreover, landscape structuremay have a strong inﬂuence on
these relationships, especially inmountain areas (Kohler et al.,
2006).2 1 7 ( 2 0 0 8 ) 1–18
1.1. Hierarchical organization of silvopastoral
ecosystems
Hierarchy theory is a powerful framework to describe silvopas-
toral ecosystems (O’Neill et al., 1986; Wu and David, 2002).
Differentnested levels of organization canbe recognized in the
vegetation of pasture-woodlands (Gillet andGallandat, 1996a).
At landscape level, one observes a zonation or a mosaic of
phytocoenoses, ranging from unwooded pastures to grazed or
ungrazed forests. Each phytocoenosis is itself a complex sys-
tem of elementary plant communities, i.e. moss, herb, shrub
and tree synusiae. Each synusia is an assemblage of organ-
isms belonging to a limited pool of species or plant functional
groups.
Each entity or process we can consider in a silvopastoral
ecosystem has a characteristic spatial and temporal scale
(Fig. 2). Landscape dynamics is the result of processes act-
ing in a limited domain of scale. To model this dynamics,
one needs to describe interactions between cattle and veg-
etation at medium scale (e.g. tree regeneration, successions
of synusiae) as well as at large scale (pastoral management,
successions of phytocoenoses).
1.2. Modelling long-term vegetation dynamics
Landscape dynamics in wooded areas is very slow: time series
are not likely to be available for long-term analysis. A mod-
elling approach could help at understanding the complex
organizational and dynamic processes involved. For this pur-
pose, I have ﬁrst developed a spatially implicit model of
vegetation dynamics in wooded pastures, PATUMOD, which
has been successfully used as a decision tool in management
projects (Gillet et al., 2002).
However, this relatively simplemodel suffered from several
limitations and had to be improved. Recent studies reported
the importance of spatial heterogeneity on the segregation
of cattle activities (Kohler et al., 2006). Therefore, a spa-
tially explicit model, taking into account the distinct grazing,
dunging and trampling patterns, was necessary. Moreover,
PATUMOD focused on vegetation dynamics at the level of a
local phytocoenosis, so that landscape characteristics, such as
overall forage production, acted as external constraints and
were assumed to be constant: local dynamics at patch level
did not inﬂuence global dynamics at landscape level, leading
to unrealistic long-term predictions. A landscape simulation
model (Costanza and Voinov, 2004), using a mosaic of spatial
cells, is a good solution to this problem: in each cell (raster or
polygon), a compartmentmodel describes local dynamics; the
cells can then be connected by horizontal ﬂuxes of material
and information.
Finally, long-term predictions of vegetation dynamics
might consider the highly probable effects of climate change
in the future (Rebetez, 1999). The most recent models of
globalwarmingpredict that themeanannual temperaturewill
increase of about 4 ◦C per century in Switzerland (M. Rebetez,
personal communication, 2005).By taking account the knowledge recently acquired on tree
regeneration, shifting mosaic in the herb layer (Kohler et al.,
2004) or complex interactions between cattle activities, vege-
tation and landscape structure (Kohler et al., 2006), I developed
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Fig. 2 – Space and time scales in which objects or processes occur in silvopastoral ecosystems: spatial extent and
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novel, spatially explicit, mosaic compartment model of the
ynamics of silvopastoral ecosystems, called WoodPaM. This
odel was implemented in the Simile 4.3 modelling environ-
ent (Muetzelfeldt and Massheder, 2003).
.3. Model objectives
he main purpose of the mosaic model was to assess the con-
equences of hierarchically organized ecological interactions
n the spatio-temporal patterns of vegetation and cattle habi-
at use atmediumand large scale. This strategicmodel should
e general enough to be applied to various artiﬁcial and nat-
ral landscapes. It should address the following questions,
hich have important theoretical and practical implications:
1)What are themain driving forces of vegetation heterogene-
ty in this hierarchical system? (2) Are there locally multiple
ttractors for the state variables, such as tree cover or local
ivestock density? (3) Is there any attractor for the spatial con-
guration of vegetation and cattle activity if environmental
nd management conditions are ﬁxed, including the overall
tocking rate? (4)What is the effect of climate change on long-
erm landscape dynamics?
In this paper, I present the structure of the model and the
rst results obtained from simulation experiments.interactions, human inﬂuences or climatic processes. Grey
onsidered in a model of landscape dynamics.
2. Methods
2.1. Model structure: the mosaic model
WoodPaM is a purely deterministic model with differential
and algebraic equations. Three hierarchical levels are consid-
ered but only two are spatially explicit. (1) The focal level is
the phytocoenosis, represented by a cell or a patch in the
landscape with a variable local stock density. (2) Herb and
shrub synusiae as well as size-structured tree populations are
the components of each patch at the lower level, spatially
implicit. (3) Patches are aggregated in a pastoral management
unit building the higher level, with an externally controlled
global stock density. At the chosen time resolution of 1 year,
interactions between neighbouring patches are not consid-
ered, except for seedling recruitment. However, local patch
dynamics inﬂuence some global constraints at the upper level,
so that dynamics in a single patch is depending on the evolu-
tion of all patches in the landscape mosaic.
In the Simile environment, the patch submodel represent-
ing the focal level is disaggregated into a mosaic model at
the landscape level. The landscape is represented by a mosaic
of n cells or patches i, without any explicit topology. Interac-
tions between neighbouring patches are neglected, except in
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Table 1 – Parameters of the WoodPaM model
Variable Value Unit Description Source
AG 0.6 ◦C (100m)−1 Elevation lapse rate for mean annual temperature Pauli et al., 1996
b −0.005 – Shape coefﬁcient for altitude effect Gillet et al., 2002
bF 0.3 y−1 Minimal transformation rate into fallow if no shrub Gillet et al., 2002
bp [2, 0.5, 0.75] – Resistance to browsing – [Picea, Acer, Fagus] Be´guin and Vandenberghe,
unpublished
bS 0.2 y−1 Maximal recruitment rate of shrubs Gillet et al., 2002
c 1080 m a.s.l. Half-saturation coefﬁcient for altitude effect Gillet et al., 2002
d −0.0133 – Shape coefﬁcient for grazing pressure Gillet et al., 2002
DD 8 ABU−1 d−1 Daily dung deposition Kohler et al., 2006
dwt 500 m Half-saturation distance to water Optimization
fc 18 kgDMABU−1 d−1 Daily forage consumption of a dairy cow Gillet et al., 2002
fpi 8.5 tDMha−1 y−1 Initial forage production Regression
fpm 20 tDMha−1 y−1 Maximal forage production Regression
ls [0.5, 0.2, 0.8] – Tolerance to shade – [Picea, Acer, Fagus] Landolt, 1977; Ellenberg et
al., 1991
maSn 40 y Maximal time constant of shrubs without stress (no
browsing, no shade)
Optimization
maSs 10 y Minimal time constant of shrubs under stress
conditions (browsing or/and shading)
Optimization
maThs [25,4, 6] y Maximal transit time of saplings in the herb layer –
[Picea, Acer, Fagus]
Be´guin and Vandenberghe,
unpublished
maTst [100, 20, 30] y Maximal transit time of saplings in the shrub layer –
[Picea, Acer, Fagus]
Be´guin and Vandenberghe,
unpublished
maTt [150,150, 150] y Average survival time of a tree without competition –
[Picea, Acer, Fagus]
Be´guin, unpublished
mdd 2000 ha−1 Maximal observed dung density Kohler et al., 2006
miThs [5,2, 3] y Minimal transit time in the herb layer – [Picea, Acer,
Fagus]
Be´guin and Vandenberghe,
unpublished
miTst [15,10, 15] y Minimal transit time in the shrub layer – [Picea, Acer,
Fagus]
Be´guin and Vandenberghe,
unpublished
miTt [80,70, 100] y Average survival time of a tree with competition –
[Picea, Acer, Fagus]
Be´guin, unpublished
msc 0.8 (%) Maximal proportion of non-browsed saplings
(whenever their cover is 100%)
Optimization
PVF 10 – Average pastoral value of fallow (0–100) Gillet et al., 2002
PVL 20 – Average pastoral value of lawn (0–100) Gillet et al., 2002
PVM 40 – Average pastoral value of meadow (0–100) Gillet et al., 2002
PVU 5 – Average pastoral value of underwood (0–100) Gillet et al., 2002
pwm 0.5 – Maximal value of the water effect (0–1) Optimization
R [20,10, 100] – Reducer of sapling recruitment from external sources
– [Picea, Acer, Fagus]
Be´guin, unpublished
ra 0.00002152 – Effect of altitude on forage production Regression
rFL 0.1 y−1 Maximal F to L transformation rate Gillet et al., 2002
rFM 0.4 y−1 Maximal F to M transformation rate Gillet et al., 2002
rLF 0.5 y−1 Maximal L to F transformation rate Gillet et al., 2002
rLM 0.06 y−1 Maximal L to M transformation rate Gillet et al., 2002
rm 0.05 – Maximal rate of forage production Regression
rMF 0.8 y−1 Maximal M to F transformation rate Gillet et al., 2002
rML 0.05 y−1 Maximal M to L transformation rate Gillet et al., 2002
Rt [3, 9, 6] y−1 Recruitment rate of saplings – [Picea, Acer, Fagus] Optimization
rTh 0.001 102 m Radius of a single seedling Be´guin, unpublished
rTs 0.005 102 m Radius of a single sapling Be´guin, unpublished
rTt 0.016 102 m Radius of a single tree Be´guin, unpublished
slt 40 ◦ Slope threshold Optimization
spm 1 – Maximal value of the selectivity parameter if GU=0 Optimization
sps 2.5 – Shape parameter for cattle selectivity Optimization
tlS 5 y Time lag for shrub recruitment Gillet et al., 2002
um 0.0001 y−1 Minimum U to F transformation rate if F=0 Optimization
Brackets indicate arrays of parameters used for tree species.
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he case of a regular grid of square cells for which the von
eumann connectivity is applied to calculate inﬂows of tree
eedlings from the eight adjacent cells. Spatial boundaries
fences) impose constraints on local cattle density.
Internal patch dynamics is dependent on local envi-
onment and global constraints. The spatial inﬂuence of
anagement structures is taken into account by consider-
ng the distance DW (m) from the centre of each patch to the
earest watering place.
The mosaic model considers the spatially structured envi-
onment of the landscape by specifying the area LA (ha), the
verage altitude A (m a.s.l.), the average slope SL (◦) and the
roportion of rock outcrops RO for every patch. Patch area LA
sually ranges between 1/100 and 1/16ha.
An apparent altitude AA is considered for calculating the
ltitude effect AE inﬂuencing forage production and vegeta-
ion dynamics in each patch. This apparent altitude takes into
ccount the increase of temperature due to climate change by
imply applying an elevation shift proportional to an average
nnual warming CC with an elevation lapse rate AG of 0.6 ◦C
er 100m elevation (Pauli et al., 1996); time represents here the
umber of years after the beginning of the simulation:
Ai = Ai − min
(
timeCC
AG
, Ai
)
. (1)
he apparent altitude linearly decreases through time from
he actual altitude A to 0, but cannot become less than 0. Note
hat annual variability is not taken into account, even if it
ould be easy to add stochasticity in Eq. (1). The altitude effect
E, ranging from 0 to 1, is a sigmoid function of the apparent
ltitude, with two parameters (see Table 1 for a description of
ll model parameters):
Ei =
exp(b(AAi − c))
exp(b(AAi − c)) + 1
. (2)
n each patch, vegetation is represented by two submodels: a
herb’ submodel including four compartments, and a ‘wood’
ubmodelwith four compartments for shrubs and trees. These
egetation submodels are linked to a third ‘cattle’ submodel
ith various local variables inﬂuencing and being inﬂuenced
y vegetation dynamics.
The diversity of the vegetation is measured using
hannon’s index applied to synusiae at patch level or phy-
ocoenoses at landscape level.
.2. The herb submodel
he herb submodel enclosed in the patch submodel is com-
osed of four compartments, representing the aboveground
over of each herbaceous homoecy. Homoecies are synu-
ia types based on physiognomical and functional criteria
Gillet et al., 2002). They are interconnected by ﬂows repre-
enting temporal transformations. These compartments are:
(oligotrophic lawns): short swards and heaths with low
roductivity and low pastoral value; M (eutrophic grazed
eadows): fertilized pastures with high productivity and
igh pastoral value; F (fallows): tall communities of forbs
nd grasses, not or little grazed; U (underwood herbaceous
ommunities): understorey herb and heath communities. Fal-2 1 7 ( 2 0 0 8 ) 1–18 5
lows play an important integrating role by ensuring the
dynamic link between the grassland and the woodland sub-
systems.Changes in the herb compartments are controlled by
four differential equations:
dLi
dt
= MtoLi − LtoMi + FtoLi − LtoFi, (3)
dMi
dt
= LtoMi − MtoLi + FtoMi − MtoFi, (4)
dFi
dt
= LtoFi − FtoLi + MtoFi − FtoMi + UtoFi − FtoUi, (5)
dUi
dt
= FtoUi − UtoFi. (6)
Flows between compartments are inﬂuenced by cattle activ-
ities, i.e. grazing intensity GI, dunging intensity DI and
trampling intensity TI (see detailed description in Section 2.5),
as well as by local and global environmental variables (see
Table 1 for a description of all model parameters):
MtoLi = rML Mi(1 − DIi), (7)
LtoMi = rLM Li DIi, (8)
FtoLi = rFL Fi GIi(1 − DIi), (9)
LtoFi = rLF Li(1 − GIi)(1 − TIi)min(1,bF + Sci)AEi, (10)
FtoMi = rFM Fi GIi DIi, (11)
MtoFi = rMFMi DIi(1 − GIi)(1 − TIi)min(1,bF + Sci), (12)
FtoUi = FiTtc•,i, (13)
UtoFi = Ui(Fi + um). (14)
These equations result from the improvement of the corre-
sponding equations in PATUMOD, based on the knowledge of
transformation processes obtained from recent experimental
studies on grassland dynamics in wooded pastures (Kohler
et al., 2004). The sum of Li, Mi, Fi and Ui is constant for a
given patch i and is equal to 1−ROi, where ROi is the constant
proportion of rock outcrops in the patch area. This relation
assumes that bare soil is rapidly colonized by herbaceous veg-
etation.
2.3. The wood submodel
The wood submodel inside the patch submodel describes the
dynamics of several tree populations by a chain of three com-
partments corresponding to the critical stages of tree growth:
Th: number of seedlings (more than 2 years old) and saplings
exposed to grazing and browsing in the herb layer (height
<40 cm); Ts: number of saplings exposed to browsing in the low
shrub layer (40–150 cm); Tt: number of trees in the high shrub
layer and in the tree layer (height >150 cm), having escaped
or resisted browsing. In fact, these compartments are arrays
of state variables representing continuous densities of the
three most common tree species in wood-pastures: Norway
l ing6 ecolog ical model
spruce (Picea abies) is widespread in wooded pastures, due to
its great resistance to browsing, to its tolerance to shade and
its dispersion facility; sycamore maple (Acer pseudoplatanus) is
a commonpost-pioneer specieswith ahigh potential of regen-
eration, but a low tolerance to browsing and shade, and thus
rarely dominant; European beech (Fagus sylvatica) is the most
competitive species in European forests, with a limited seed
dispersion, a limited resistance to browsing but a great toler-
ance to shade, and is sometimes dominant in densely wooded
pastures. These three species can be observed in a wide range
of climatic and edaphic conditions.
A fourth compartment describes shrub dynamics, S: cover
of the shrub species (mainly thorny shrubs playing an impor-
tant protecting role in the tree regeneration process, such as
Rosa or Crataegus species) above the herb layer.
Auxiliary variables were added to represent, for every tree
species sand ineachpatch i, the cover of treesTtcs,i, of saplings
in the shrub layer Tscs,i, and of saplings in the herb layer Thcs,i:
Ttcs,i =
Tts,i rTt2
1.1LAi
, (15)
Tscs,i =
Tss,i rTs2
1.1LAi
, (16)
Thcs,i =
Ths,i  rTh
2
1.1 LAi
. (17)
Calculations of Ttc, Tsc and Thc consider an average crown
radius (rTt, rTs or rTh), the same for all species, and a crown
overlap of 10%. The total tree cover in a patch Ttc•,i is the sum
of the species-speciﬁc tree covers Ttcs,i.
Vegetation openness in the neighbourhood of the cell is
known to be an important predictor of cattle frequentation
(Kohler et al., 2006). It is here calculated from the average tree
cover in a window around the patch, including all neighbour-
ing cells within the paddock (k≤9):
VOi = 1 −
Ttc•,i +
∑k
j=1Ttc•,j
1 + k . (18)
The overall shrub cover Sc is also calculated, including shrub
and all tree species:
Sci = Si + Tsc•,i. (19)
Changes in the wood compartments are controlled by four
differential equations:
dThs,i
dt
= inThs,i − exThs,i − ThtoTss,i, (20)
dTss,i
dt
= ThtoTss,i − exTss,i − TstoTts,i, (21)dTts,i
dt
= TstoTts,i − exTts,i, (22)
dSi
dt
= dSii − dSoi. (23)2 1 7 ( 2 0 0 8 ) 1–18
The recruitment inﬂow of new saplings of a tree species s
depends on the number of trees of the same species in the
patch i and in its k neighbouring cells inside the paddock:
inThs,i = Rts
(
Tts,i +
8
k
∑k
j=1Tts,j
Rs
)
(Ui + Fi + ROi). (24)
The parameter Rs controls the diffusion rate of propagules
from the trees in the neighbouring cells, whereas Rts is the
average number of seedlings produced by every tree and hav-
ing reached the age of 2 years. Themodel assumes that sapling
recruitment can only occur in underwoods, fallows or on rock
outcrops.
The death rate of small saplings depends on the browsing
intensity for the species in the herb layer BIh, on the total tree
cover and on three species-speciﬁc parameters:
exThs,i = min
(
1,
1
maThss
+
BIhs,i + (1 − lss)Ttc2•,i
miThss
)
Ths,i.
(25)
Transitional growth from Th to Ts is limited by shrub cover
(carrying capacity of the shrub layer), total tree cover (light
availability), browsing intensity in the herb layer and altitude:
ThtoTss,i =
Ths,i
max(miThss,maThss · BIhs,i)
(1 − Sci)
× (1 − (1 − lss)Ttc2•,i)(1 − BIhs,i)AEi. (26)
These two last ﬂows are controlled by the same three param-
eters for each species: maThss is the average transit time or
survival time of saplings in the herb layer without browsing;
miThss is their average transit time or survival time when
browsed; lss is the tolerance to shade of the young trees,
between 0 (heliophilous) and 1 (sciaphilous), adapted from the
light indicator values (Landolt, 1977; Ellenberg et al., 1991).
The death rate of tall saplings depends on browsing inten-
sity in the shrub layer BIs and on total tree cover:
exTss,i = min
(
1,
1
maTsts
+
BIss,i + (1 − lss)Ttc2•,i
miTsts
)
Tss,i. (27)
Transitional growth from Ts to Tt is limited by total tree cover,
browsing intensity in the shrub layer and altitude:
TstoTts,i=
Tss,i
max(miTsts, maTsts · BIss,i)
(1−Ttc•,i)(1−BIss,i)AEi.
(28)
The species-speciﬁc parameter maTsts is the average transit
time or survival time of saplings in the shrub layer without
browsing; miTsts is their average transit time or survival time
when browsed.
The death rate of trees depends on total tree cover and on
two species-speciﬁc parameters:
exTts,i =
(
1
maTts
+ Ttc•,i
miTts
)
Tts,i. (29)
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1 +ecolog ical model
he species-speciﬁc parameter maTts is the average survival
ime of the trees without competition; miTts is the average
urvival time of the trees undergoing competition (when tree
over is 100%).
Shrub dynamics depends on two ﬂows (Eq. (23)). The inﬂow
epresents shrub recruitment and is depending on the local
razing intensity, on the proportion of rock outcrops, fallows
nd underwoods (with a delay of tlS = 5 years) and on the alti-
ude effect:
Sii = bSdelay
((
ROi + Fi +
Ui
2
)
(1 − GIi), tlS
)
(1 − Sci)AEi.
(30)
he outﬂow quantiﬁes the decay of shrubs, its rate depending
n the local stock density and on the tree cover:
Soi = min(1,max(mSn,mSs((1 − exp(dLSDi))2 + Ttc•,i)))Si.
(31)
.4. The cattle submodel: stock density and carrying
apacity
t the paddock level, the global stock density GSD is a con-
rol parameter expressed in ABUdha−1 y−1. One Adult Bovine
nit (ABU) is equivalent to one dairy cow of 600kg LW. GSD
s calculated from the overall cattle load in the paddock GS
ABU), the grazing duration GD (the total number of days per
ear that cattle graze in the paddock, expressed in dy−1) and
he paddock area (the sum of all n patch areas LA, expressed
n ha):
SD = GSGD∑n
i=1LAi
. (32)
t the patch level, the local pastoral value LPV is calculated
rom the cover of herb synusiae (Gillet et al., 2002) and is
sed for the calculation of the annual local forage production
FP:
PVi = PVF Fi + PVL Li + PVMMi + PVUUi. (33)
FPi = 1000LAi
×
(
fpm
1 + (fpm − fpi)/fpi exp(−(rm − ra AAi)LPVi)
− fpi
)
(34
q. (34) is adapted from a logistic model, which expresses LFP
LSD1i = GSD
((
1 − min(SLi, slt)
sltkgDMy−1) as a function of LPV, with a rate (coefﬁcient of the
xponent part) that depends on the apparent altitude AA. It
ncludes four parameters: fpm is the maximum forage pro-
uction (tDMha−1 y−1), fpi the ‘initial’ forage production for2 1 7 ( 2 0 0 8 ) 1–18 7
LPV=0 (tDMha−1 y−1), rm the maximal rate of forage produc-
tion for AA=0, and ra the slope of the altitude effect on forage
production.
At the paddock level, the global stock density is exter-
nally ﬁxed but the global carrying capacity GCC, expressed
in ABUdha−1 y−1 as well, varies over years depending on
the total forage production. GCC is calculated from the total
annual local forage production in all n patches i and a daily
forage consumption fc of 18kg DM per ABU, including losses:
GCC =
∑n
i=1LFPi
fc
∑n
i=1LAi
. (35)
The global pastoral value GPV is the weighted mean of the
local pastoral value of all patches:
GPV =
∑n
i=1(LPVi LAi)∑n
i=1LAi
. (36)
The global utilization rate GUmeasures the proportion of con-
sumed forage in the whole paddock and is calculated as the
ratio between the global stock density and the global carrying
capacity:
GU = GSD
GCC
. (37)
The local carrying capacity LCC represents the maximal stock
density allowed by the local forage production in the patch:
LCCi =
LFPi
fc LAi
. (38)
The local stock density LSD is proportional to the global stock
density GSD, and limited by the slope, the distance to water,
rock outcrops, the vegetation openness, the local tree cover
and the ratio between local and global carrying capacities.
These limiting factors of the patch frequentation by livestock
are expressed as multipliers to get a ﬁrst estimate of the local
stock density LSD1:
1
DWi/dwt
(1 − ROi)VO2i (1 − Ttc•,i)2
LCCi
GCC
)SP
(39)
The selectivity parameter SP is an exponent applied to all
these limiting factors, which expresses the strength of attrac-
tiveness of the patch on its frequentation by cattle: if SP=0,
then cattle distribution is uniformandonly inﬂuenced byGSD;
if SP=1, then cattle tends to adjust the local utilization rate to
the global utilization rate if the slope, the distance to water,
the rock outcrops and the surrounding tree cover are null; if
SP>1, then cattle shows a high selectivity for the most attrac-
tive patches. In the ﬁrst versions of WoodPaM, this selectivity
parameter was ﬁxed, but the last version assumes that it is
negatively and exponentially linked to the global utilization
rate:SP = spm exp(−spsGU). (40)
In this expression, spm is the maximal value for SP and sps is
a shape parameter.
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Fig. 3 – Bifurcation diagram of the patch submodel using
the global pastoral value as control parameter with
different ﬁxed values of the selectivity parameter SP. Solid
lines: stable equilibria (steady states); dashed lines:
by recent observational studies (Kohler et al., 2006). The global
dung density is the average density of dung pats deposed
yearly by cattle in the whole paddock and is deduced from
Fig. 4 – Bifurcation diagrams of the patch submodel with
the selectivity parameter SP depending on the global
pastoral value GPV. Solid black lines: stable equilibria for
average values of slope SL=7.4◦ and distance to water
DW=218m (lines with intermediate thickness), SL=0 and
WD=0 (thin lines), or SL=30◦ and WD=500m (thick lines);unstable equilibria. Unstable equilibria for SP=1 are not
represented on the graph.
To obtain the actual LSD, local stock densities in all patches
are adjusted so that their weightedmean is equal to the global
stock density GSD:
LSDi = LSD1i
GSD
∑n
j=1LAj∑n
j=1(LSD1j LAj)
. (41)
The local forage consumption LFC is the quantity of forage
consumed by cattle in the patch yearly:
LFCi = LSDifc LAi. (42)
The local utilization rate LU is the ratio between the local stock
density and the local carrying capacity, or between the local
forage consumption and the local forage production:
LUi =
LSDi
LCCi
= LFCi
LFPi
. (43)
2.5. The cattle submodel: cattle habitat use
At the patch level, cattle activity inﬂuences vegetation dynam-
ics through ﬁve auxiliary variables, ranging from 0 to 1 and
quantifying grazing, browsing, dunging and trampling inten-
sities.
Grazing intensity GI is simply the proportion of consumed
forage in the herb layer:
GIi = min(LUi,1). (44)
Browsing intensity of the species s in the patch i is the propor-
tion of browsed tree saplings in the herb (BIh) or in the shrub
(BIs) layer. It is positively related to local stock density, but
negatively inﬂuenced by sapling density and facilitator synu-
siae (fallows or shrubs). Browsing intensity in the herb layer
BIh depends on the local grazing intensity, on the cover of fal-
lows and rock outcrops (facilitation effect) and on the total
cover of saplings in the herb layer (density effect), with two2 1 7 ( 2 0 0 8 ) 1–18
parameters:
BIhs,i = GIbpsi (1 − Fi − ROi)(1 − msc Thc•,i). (45)
Browsing intensity in the shrub layer BIs depends on the local
grazing intensity, on the cover of shrubs and rock outcrops
(facilitation effect) and on the cover of saplings in the shrub
layer (density effect), with the same two parameters:
BIss,i = GIbpsi (1 − Si − ROi)(1 − msc Tsc•,i) (46)
In these two equations, the parameter bps expresses the resis-
tance of the tree species s to browsing, ranging from 0.5 (high
sensitivity) to 2 (high resistance). Parameter msc is the maxi-
mal proportion of non-browsed saplings whenever their cover
is 100%.
Dunging and trampling intensities are inﬂuenced by global
stock density, tree cover, slope and watering places, as provedgrey lines: selectivity parameter, constant along each
simulation run. (a) steady states for the overall tree cover;
(b) steady states for the Shannon’s diversity of the
phytocoenosis.
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Fig. 5 – Bifurcation diagrams of the patch submodel with
the selectivity parameter SP depending on the total
duration of the grazing period GD (days). Solid black lines:
stable equilibria for average values of slope SL=7.4◦,
distance to water DW=218m and rock outcrops RO=10%
(lines with intermediate thickness), SL=0, WD=0 and
RO=0 (thin lines), or SL=30◦ and WD=1000m and RO=25%
(thick lines); grey lines: selectivity parameter, constant
along each simulation run. (a) steady states for the overall
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All these local variables of the ‘cattle’ submodel inﬂuence
the rates of change between compartments in the ‘herb’ or the
‘wood’ submodels, involving complex feedback loops.
Fig. 6 – Bifurcation diagrams of the patch submodel with
the selectivity parameter SP depending on the total
duration of the grazing period GD (days). Solid black lines:
stable equilibria for the tree cover of each species. Thickree cover; (b) steady states for the Shannon’s diversity of
he phytocoenosis.
he average individual daily dung deposition DD:
DD = DDGSD (47)
ﬁrst estimate of the local dung density LDD1 is calculated
rom GDD, taking into account tree cover, slope and distance
o the nearest watering place:
DD1i=GDD(1 − Ttc•,i)
(
1 − min (SLi, slt)
slt
)√
pwm
1 + DWi/dwt
.
(48)
hen local dung densities in all patches are adjusted so that
heir weighted mean is equal to the global dung density GDD:
GDD
∑n
j=1LAj
DDi = LDD1i∑n
j=1(LDD1j LAj)
. (49)
unging intensity DI is the proportion of a maximal density
f dung pats deposed annually on the patch mdd, that is the2 1 7 ( 2 0 0 8 ) 1–18 9
highest dung density usually observed in real systems:
DIi = min
(
LDDi
mdd
,1
)
. (50)
Trampling intensity TI is the proportion of the patch area
affected by trampling (ﬂattened vegetation, compacted soil,
gaps). It depends on local stock density, slope, tree cover and
distance to water:
TIi = min
(
min(SLi, slt)
slt
+
√
Ttc•,i
(
1 −
√
Ttc•,i
)
+
(
pwm
1 + DWi/dwt
)2
,1
)
(1 − exp(dLSDi)). (51)
Eq. (51) expresses the commonly observed fact (Kohler et al.,
2006) that trampling effects are increased by slope and are
more important around water points and beneath isolated
trees (i.e. in patches with a moderate tree cover).lines: Fagus sylvatica; lines with intermediate thickness:
Picea abies; thin lines: Acer pseudoplatanus. (a) very
attractive patch, SL=0, WD=0 and RO=0; (b) very repelling
patch, SL=30◦, WD=1000m and RO=25%.
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Fig. 7 – Maps of the initial conﬁguration of the landscape mosaic. The paddock is subdivided into 393 cells of 25×25m2.
Ttc: tree cover (0–1); M: meadows (0–1); PSD: Shannon’s diversity of the phytocoenosis (1–6); LSD: local stock density (0–350);
s: wLU: local utilisation rate (0–1.6). Solid line: fence; white circle
2.6. Synthetic descriptors of vegetation diversity
A diversity index SD of the phytoceonosis is calculated using
Shannon’s formula, from the local cover of the p homoecies
H present in each patch i (meadows, lawns, fallows, under-
woods, shrub layer and tree layer):
VCi = Mi + Li + Fi + Ui + Sci + Ttc•,i, (52)
SDi = exp
(
−
p∑
k=1
(
Hk,i
VCi
ln
(
Hk,i
VCi
)))
. (53)
The average Shannon’s diversity PSDm of all patches included
in the paddock provides a global assessment of the local synu-
sial diversity:
PSDm =
∑n
i=1SDi
n
. (54)Phytocoenosis type is determined from the local total
tree cover, according to the structural typology of Gillet
and Gallandat (1996a, b), which distinguishes unwooded
pastures (type 1: 0≤Ttc<1%), scarcely wooded pasturesatering places.
(type 2: 1%≤Ttc<20%), densely wooded pastures (type 3:
20%≤Ttc<70%) and grazed forests (type 4: 70%≤Ttc≤100%).
The number of patches Pj belonging to each phytocoenosis
type j is used to calculate the Shannon’s diversity SDI of the
vegetation in the landscape:
SDI = exp
⎛
⎝− m∑
j=1
(
Pj
n
ln
(
Pj
n
))⎞⎠ . (55)
In this expression, m is the number of phytocoenosis types
present in the landscape (1≤m≤4) and n is the total number
of patches.
2.7. Parameter calibration
Most processes in this model are described for the ﬁrst time
by equations, for which parameters were not available in the
literature. However, most of them have a direct biological
meaning allowing the use of published or unpublished esti-
mates. Sources are referenced in Table 1.
Parameters of Eq. (34) were obtained from a nonlinear
regression analysis of data from various sources (unpublished
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All simulations were performed using Euler method with
dt = 1 year, after having veriﬁed that the results were not
affected by a change in the integration method (Runge-Kutta
4) and the time step (dt = 0.1).
Fig. 8 – Simulation of the dynamics of the landscape
mosaic in a pasture-woodland with all global
environmental and management conditions ﬁxed to theirecolog ical modell
ecords in Switzerland), allowing the prediction of the annual
orage production from the pastoral value and the altitude.
For the nine other parameters, whose source is ref-
renced as ‘Optimization’ in Table 1, series of sensitivity
nalyses were performed to detect those which had
he strongest inﬂuence on the behaviour of the patch
odel, using the ‘batch runs’ feature of Berkeley Madonna
.0.1 (http://www.berkeleymadonna.com/). They were then
djusted empirically up to obtain realistic predictions from
imple simulation experimentswith thepatchmodel andwith
he landscape model.
.8. Stability analyses with the patch submodel
ﬁrst series of experiments was performed on the patch sub-
odel, all global variables being ﬁxed as parameters, in order
o detect possible multiple attractors in the system of dif-
erential equations. For this purpose, a simpliﬁed model was
esigned and analysed using Berkeley Madonna.
In this model, I considered an isolated cell evolving
owards equilibrium in a constant environment. The local
nd global parameters were adjusted so that local condi-
ions were the same than the average conditions in the
andscape, except for the control parameters chosen in
ach experiment. Average values for slope (SLm=7.4◦), dis-
ance to the nearest watering place (DWm=218m), elevation
Am=AAm=1216m), rock outcrops (ROm=10%) and over-
ll tree cover (Ttcm=24.7%) were those observed in a real
asture-woodland landscape, a paddock of the Me´tairie
’Evilard in the Swiss Jura Mountains (Kohler et al., 2006).
he global stock density GSD was ﬁxed to 89.6 ABUdha−1 y−1
GS=49.2 ABU, GD=42dy−1, total area=23.063ha), which cor-
esponded to the cattle load applied in year 2001 for the
otational management of this paddock (Perrenoud et al.,
003).
A stability analysis was performed using the ‘parameter
lot’ feature of Berkeley Madonna, starting from various ini-
ial conditions for the state variables and applying different
alues of GPV (used as parameter) from 15 to 35 by inter-
als of 0.1. Attractors were found by reporting the ﬁnal value
f the local tree cover Ttc after simulations runs of 10,000
ears (Euler method, dt = 1 year). Since analytical methods
ould not apply to this complex system of equations, unsta-
le equilibria were searched with help of the boundary value
olver of Berkeley Madonna, by setting two equal boundary
onditions for Ttc at time 2000 and 4000 and solving for GPV
nd initial Ttc. Since this empirical method does not make
t possible to ﬁnd all unstable equilibria, only some points
ere located and used to rebuild the curve by interpola-
ion.
This stability analysis was applied to two versions of the
atch submodel: in the ﬁrst version, the selectivity parameter
P was ﬁxed and independent from the global utilization rate
U; in the second version, a feedback between GU and SP was
dded according to Eq. (40).
A second stability analysis was carried out with the last
ersion of the patch submodel to explore the response at
ong term of tree cover and Shannon’s diversity to the global
tock density in various local environmental conditions. For
his, I used the grazing duration GD as control parameter2 1 7 ( 2 0 0 8 ) 1–18 11
(all other global parameters being maintained constant), with
151 simulation runs of 10,000 years for GD varying from
0 to 75 days by intervals of 0.5. The global pastoral value
was ﬁxed to the average value measured in the paddock
(GPV=25.12).
2.9. Scenario experiments with the mosaic model
A last series of experiments was carried out with the full
mosaic model built in the Simile visual modelling environ-
ment. A simple version was used for optimization purposes,
with a low number of cells and simple gradients for the envi-
ronmental variables. It will not be presented here.
WoodPaM was ﬁnally applied to a concrete example of
pasture-woodland landscape, the Me´tairie d’Evilard. In this
mosaic model, patches corresponded to the 393 cells of a pad-
dock described in a recent observational study (Kohler et al.,
2006), for which detailed data were available for vegetation,
environment (natural and management-induced structures)
and cattle activity. The situation of year 2001 was used to set
up the management and initial conditions of the system in
the model.
A ﬁrst scenario was tested with no climate change (CC=0),
so that environmental and management constraints were
ﬁxed to their initial values, including apparent altitude. In a
second scenario, I considered a very optimistic climate change
by setting up CC to 1.2 ◦C per century, in order to observe the
gradual effect of the decreasing apparent altitude over 600
years.initial values: changes in the number of cells classiﬁed in
each phytocoenosis type. Very thin line: unwooded
pastures; thin line: scarcely wooded pastures; thick line:
densely wooded pastures; very thick line: grazed forests.
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Fig. 9 – Maps of the landscape mosaic at the end of a 500-year simulation with all global environmental and management
conditions ﬁxed to their initial values. Ttc: local tree cover of Picea abies, Acer pseudoplatanus and Fagus sylvatica (0–1); M:
lisatmeadows (0–1); LSD: local stock density (0–350); LU: local uti
places.
3. Results
3.1. Stability analysis of the patch submodel
In a ﬁrst experiment, the selectivity parameter SP was ﬁxed
and independent from the global utilization rate GU. A param-
eter graph (Fig. 3) shows the result of this stability analysis for a
global pastoral value ranging from 15 to 35, i.e. for a global uti-
lization rate GU ranging from about 91% to 39%. If SP is set to 0,
the ﬁnal tree cover, about 21%, is independent from the global
pastoral value because in this case the local stock density is
always equal to the global stock density. This stable equilib-
rium depends only on the global and local parameters of the
environment: global stock density, global tree cover, slope, dis-
tance towater and altitude. For lowvalues of SP (e.g., 0.2 or 0.3),
attractors form a continuous sigmoid curve. From SP≈0.38,
a two-fold bifurcation occurs and the system became multi-
stable: depending on the initial conditions, there may be two
steady states for a same value of the control parameter around
22, their two basins of attraction being delimited by an unsta-
ble equilibrium. In this domain of global instability (e.g., forion rate (0–1.6). Solid line: fences; white circles: watering
18.65<GPV<23.1 if SP=0.45), a tree cover between 10 and 75%
wouldbeverydifﬁcult tomaintain at long term.The size of this
domain of instability increases dramatically with the selectiv-
ity parameter: for SP=1, the system is driven by two extreme
steady states, a closed forest and an open pasture, throughout
most of the range of the control parameter. All these curves
intersect at a single pivot point corresponding to the singu-
lar state where LSD=GSD. For the chosen set of parameters,
it corresponds to the boundary between scarcely and densely
wooded pastures, in which Shannon’s diversity is high. How-
ever, this common equilibrium point can be an attractor or
a repellor depending on the selectivity parameter: the higher
the selectivity, the lower the local stability around this point.
In a second experiment, the feedback between GU and SP
was set up according to Eq. (40). Parameters were chosen so
as to obtain a wide range of possible tree cover at equilib-
rium. Therefore, the selectivity parameter SP, ranging from
ca. 0.1 to 0.4, was constant over time but dependent on the
global pastoral value used as parameter in the stability anal-
ysis (Fig. 4). The system is now globally stable: the attractors
are not sensitive anymore to the initial conditions. The shape
of the equilibrium curve depends on the local conﬁguration of
ecolog ical modell ing
Fig. 10 – Simulation of the dynamics of the tree species in a
pasture-woodland with all global environmental and
management conditions ﬁxed to their initial values:
changes in the local cover of Picea abies, Acer
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and unwooded pastures continue decreasing slowly. After a
long evolution of about 500 years, the landscape conﬁguration
seems to reach an equilibrium, although minor transforma-
tions occur at very long term (even after 3000 years). The ﬁnal
Fig. 11 – Simulation of the effect of a linear temperature
increase of 1.2 ◦C per century on the dynamics of the
landscape mosaic in a pasture-woodland: changes in theseudoplatanus (thin line) and Fagus sylvatica (thick line) in
he tree layer. Grey line: total tree cover.
he environment. If the local environmental parameters corre-
pond to the average values observed in the paddock, as in the
rst experiment, then the balanced tree cover varies between
8 and 72%, with a minimum value for GPV≈17.5. The Shan-
on’s diversity of thephytocoenosis is at highest forGPV≈25.5
nd decreases dramatically for higher values of the control
arameter. If the patch is very attractive for cattle, i.e. a ﬂat
rea close to thewatering place andwithout rock outcrops, the
aximum tree cover is about 30% and the minimum is about
4% at GPV≈26. Shannon’s diversity is always high, with a
aximum around GPV≈34.5. Finally, in an unfavourable sit-
ation, i.e. on a steep slope far from water and with many
ock outcrops, ﬁnal tree cover ranges from 13% to 87% and
hannon’s diversity presents a symmetrical bell shape with a
aximum at GPV≈20.5.
In a third experiment using the same model (with SP
epending on GU), I performed another stability analysis to
xplore the response at long term of tree cover and Shannon’s
iversity to the grazing duration in various local environmen-
al conditions (Fig. 5). The global utilization rate ranges here
rom 0 to 1 and the selectivity parameter from 1 to 0.1. In all
ases, the system seems globally stable: no hysteresis effect
ppeared in the simulations. The ﬁnal tree cover at equilib-
ium responds to grazing duration following a sigmoid curve,
hose shape depends on the local site conditions: in the most
ttractive conﬁguration, the inﬂexion point is lower and the
lope at this point is very high. The maximum Shannon’s
iversity is higher in this case but the peak of the curve is
arrower.
What is the respective role of the three tree species in
hese steady state conﬁgurations? Fig. 6 shows the ﬁnal tree
over of Fagus, Picea and Acer for the two extreme situations.
t very long term, the most competitive species, Fagus syl-2 1 7 ( 2 0 0 8 ) 1–18 13
vatica, is largely dominant at lowest grazing pressure. It is
replaced by the most browsing-resistant species, Picea abies,
at medium grazing pressure, whereas the post-pioneer Acer
pseudoplatanus is only dominant in the steep ground situation
and for a high grazing pressure. The transition between Fagus-
dominated and Picea-dominated domains along the grazing
gradient is very narrow in both cases: little variations in the
stocking rate, around 20 days for the ﬁrst situation or around
30 days for the second,will lead to a dramatic switch in species
composition of the tree layer.
3.2. Simulation experiments on the mosaic model
In the next experiments, the mosaic model was applied to a
real system. The initial conﬁguration is very heterogeneous
and ﬁne-grained (Fig. 7). However, because of the relatively
low stocking rate (GU≈55%), the local utilization rate is more
homogeneously distributed in the landscape.
If environmental and management constraints are ﬁxed to
their present state, including apparent altitude (CC=0), the
simulated landscape changes rapidly during the ﬁrst decades,
with a decrease of unwooded pastures and grazed forests, and
an important increase of denselywoodedpastures (Fig. 8). This
ﬁrst adaptation phase suggests that the initial vegetation was
far to be in balance with the management conditions applied
to thepaddock in 2001. Fromabout 25 years after the beginning
of the simulation, scarcelywoodedpastures andgrazed forests
increase whereas densely wooded pastures tend to stabilizenumber of cells classiﬁed in each phytocoenosis type. Very
thin line: unwooded pastures; thin line: scarcely wooded
pastures; thick line: densely wooded pastures; very thick
line: grazed forests.
l ing14 ecolog ical model
conﬁguration is dominated by densely and scarcely wooded
pastures.
However, the spatial distribution of the phytocoenoses is
far less irregular than the initial conﬁguration and depends
more strictly on the local environmental variables, such
as altitude, slope, rock outcrops and distance to water.
Trees are mainly abundant in the southern part of the
paddock, with lower altitude, higher mean slope and far
from the watering places (Fig. 9). Productive meadows tend
to concentrate in ﬂat areas not too far from water. The
local stock density and the local utilization rate, although
still homogeneously distributed, are lower in the southern
part.
The slowest dynamics is due to growthprocesses in the tree
layer (Fig. 10): after a slight decrease in the ﬁrst decades, the
overall tree cover Ttcm increases from 25% to 35%, due to the
fast dynamics of Acer pseudoplatanus, which is progressively
replaced by Fagus sylvatica and Picea abies, the latter becoming
dominant 150 years after the beginning of the simulation. This
slow evolution is not achieved after 500 years.
However, landscape dynamics being very slow, realistic
predictions must take into account the effect of global warm-
ing. If a regular temperature increase is applied (CC=1.2 ◦C
Fig. 12 – Maps of the landscape mosaic at the end of a 500-year s
century. Ttc: local tree cover of Picea abies, Acer pseudoplatanus an
density (0–350); LU: local utilisation rate (0–1.6). Solid line: fences2 1 7 ( 2 0 0 8 ) 1–18
per century), the simulation shows that climate change has
a dramatic effect on long-term vegetation dynamics (Fig. 11).
The ﬁrst adaptation phase is similar to this of the previous
simulation, but from about 50 years, densely wooded pas-
tures decrease and grazed forests increase to become rapidly
dominant, whereas unwooded and scarcely wooded pastures
tend to disappear. After 400 years, grazed forests and densely
wooded pastures tend to oscillate irregularly around an aver-
age value and scarcely wooded pastures reappear at some
periods.
At a simulation time of 500 years, the landscape conﬁg-
uration is heterogeneous and quite different of the initial
conﬁguration (Fig. 12).
The apparent altitude stops decreasing after 600 years
when it reaches the sea level and thus the global environment
becomes invariant. However, the dynamics remains unstable
forever. This is due to a continuous change in the spatial con-
ﬁguration of the landscape, as shown by the comparisons of
the maps obtained at a simulation time of 1800, 1900 and 2000
years (Fig. 13). The local environment conditions are no longer
constraining the patterns of local stock density or tree cover.
Moreover, irregular cycles characterize the dynamics in each
patch.
imulation with a linear temperature increase of 1.2 ◦C per
d Fagus sylvatica (0–1); M: meadows (0–1); LSD: local stock
; white circles: watering places.
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Fig. 13 – Maps of the landscape mosaic at the end of a 1800–2000-year simulation with a linear temperature increase of
1.2 ◦C per century. Ttc: local total tree cover (0–1); LSD: local stock density (0–350). Solid line: fences; white circles: watering
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From 500 years, the total tree cover of the paddock remains
round 80% (Fig. 14). Acer pseudoplatanus completely dis-
ppears after 1300 years and Fagus sylvatica becomes the
ominant species from 400 years, by progressively outcom-
eting Picea abies in the grazed forests.
Starting from 0.55, the global utilization rate increases
apidly during the early adaptation phase before ﬂuctuating
etween 0.7 and 0.8 after the simulated temperature increase,
hereas it tends asymptotically to ca. 0.7 if climate change is
gnored (Fig. 15). This results in a low selectivity parameter,
ess than 0.2.
Concerning the two indices of vegetation diversity, the dif-
erences between the two scenarios are important (Fig. 16).
he mean Shannon’s diversity of the phytocoenoses at patch
evel tends to decline over time from the initial condi-
ions, but the decrease is far more dramatic if climate
hange is taken into account. By contrast, the Shannon’s
iversity of the landscape, based on the phytocoenosis
ypes, tends to increase rapidly during the initial adapta-
ion phase before remaining high in the static scenario,
hereas it declines up to its initial value in the warming sce-
ario.4. Discussion
4.1. Equilibrium and grazing ecology
Simulation models based on optimal foraging theory have
been useful for quantifying some underlying behavioural
mechanisms of spatial grazing patterns of livestock (Bailey
et al., 1998). However, these models did not pay attention to
the processes of vegetation dynamics and their feedback with
livestock activities. They focus on spatial processes at a ﬁne
time resolution, incompatible with the time scale considered
in WoodPaM.
The question of equilibrium in pastures is generally
addressed without consideration of spatial heterogeneity
(Milchunas et al., 1988; Westoby et al., 1989; Briske et al., 2003;
Cingolani et al., 2005). Moreover, the interactions between
forest dynamics, grassland dynamics and herbivore habitat
use are generally ignored, since most studies focus on rather
homogeneous open pastures.
Recently, a synthetic theoretical model of grazing effects
on rangeland diversity was proposed (Cingolani et al., 2005),
16 ecolog ical modell ing 2 1 7 ( 2 0 0 8 ) 1–18
Fig. 14 – Simulation of the dynamics of the tree species in a
pasture-woodland with a linear temperature increase of
1.2 ◦C per century: changes in the local cover of Picea abies,
Fig. 15 – Evolution of the global utilization rate GU (thin
lines, top) and of the selectivity parameter SP (thick lines,
bottom) in a pasture-woodland with or without a linear
temperature increase of 1.2 ◦C per century. Black lines:Acer pseudoplatanus (thin line) and Fagus sylvatica (thick
line) in the tree layer. Grey line: total tree cover.
which links plant diversity and community structure to
grazing intensity taking into account productivity (resource
availability, stress conditions) and evolutionary history of
grazing. The authors argued that for ecosystems with a long
history of grazing, stable equilibria were expected because
of resilience mechanisms allowing reversible changes. How-
ever, this theory does not apply to heterogeneous wooded
landscapes, in which various dynamics interfere at different
time and space scales. Neither the classical ‘range succession
model’ (Dyksterhuis, 1949; Westoby et al., 1989) nor the con-
temporary ‘modiﬁed MSL model’ (Cingolani et al., 2005) are
Fig. 16 – Evolution of the Shannon’s diversity of the landscape S
patches PSDm (grey lines) in a pasture-woodland with (right) or
century.warming scenario; grey lines: static scenario.
relevant formountain silvopastoral ecosystems, characterized
by a long evolutionary history of grazing and heterogeneous
resource availability.
The simulation experiments with WoodPaM suggest that it
is quite impossible for spatial patterns of vegetation and cattle
habitat use to reach a stable equilibrium within a reason-
able time, i.e. compatible with management decisions: even
after long simulation runs of 10,000 years, patterns are still
changing. This is due to the hierarchical organization of the
system, to the possible existence of multiple basins of attrac-
tion at ﬁne scale, and to the inﬂuence of external changing
constraints, suchas climate change.Moreover, in real systems,
episodic disturbances, such as droughts, hurricanes or insect
DI (black lines) and of the mean Shannon’s diversity of the
without (left) a linear temperature increase of 1.2 ◦C per
ing
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utbreaks,make theoccurrence of any stable equilibriumeven
ery improbable.
.2. Shifting mosaic and cyclic dynamics
ccording to the theory of ‘shifting mosaics’ (Olff et al., 1999;
akker et al., 2004), the key process contributing to spa-
ial diversity in vegetation structure of grazed woodlands is
he alternation of plant facilitation and competition. This
rocess occurring at ﬁne scale should lead to cyclic dynam-
cs involving shifting mosaics of grasslands, shrub thickets
nd trees. However, there is no observational evidence for
uch cyclic dynamics in mountain spruce-dominated wood-
astures: trees generally regenerate in the sameplace andonly
irectional successions have been reported.
In close connection with this theory is the ‘wood-pasture’
ypothesis (Vera, 2000; Bradshawet al., 2003; Kirby, 2004; Birks,
005; Mitchell, 2005), according to which the former natural
orest in European lowlands was a mosaic of large open and
losed areas driven by large herbivores. Moreover, this mosaic
as the result of a long cyclic evolution involving three stages:
ark, scrub and grove.
There was little evidence from my simulation experiments
or a cyclic evolution in vegetation patches, as predicted by the
hifting mosaic theory or the wood-pasture hypothesis. Nev-
rtheless, WoodPaM includesmost processes that are invoked
y the authors of these theories: facilitation (protection by
npalatable herbs and shrubs), competition (crowding and
hading effects), light requirements and resistance to graz-
ng of the tree species, etc. Cyclic successions occurred only
ith some combinations of parameters and under certain
onditions, such as these illustrated by the warming sce-
ario. Interestingly, this scenario corresponds precisely to
he traditional domain of application of these theories: a
oodland-dominated landscapewith a relatively high grazing
ressure at low altitude.
. Conclusion
he model was able to explain some aspects of the ori-
in of vegetation heterogeneity in silvopastoral ecosystems.
t revealed the crucial role of livestock selectivity on the
onsequences of complex interactions between landscape
tructure, vegetation and cattle behaviour. It provided a
emonstration of the necessity to consider the hierar-
hical organization of the ecosystem to model long-term
ynamics. It emphasized the instability of the landscape
osaic and the great inﬂuence of climate change. There-
ore, it fulﬁlled the strategic objectives for which it was
esigned.
Of course, many limitations can be pointed out. WoodPaM
s based on several strong assumptions and simpliﬁcations
nd its optimization was tricky. The mosaic model appeared
ery sensitive to certain combinations of parameters, in par-
icular those applied to tree species. Moreover, validation is
nown to be a rather difﬁcult task in ecological modelling,
specially with landscape models and long-term simulations,
or which long time series of observations are generally miss-
ng. Therefore, a lot of work remains to be done.2 1 7 ( 2 0 0 8 ) 1–18 17
Episodic events could play an important role in landscape
dynamics of pasture woodland and their incorporation in
WoodPaM should be a promising improvement. Since the
purpose of this model was to explore the attractors of the
hierarchical system, no stochastic processes were included.
However, if a more tactic than strategic perspective is con-
sidered, accurate predictions should require (1) more time
series and data from ﬁeld experiments to improve the cal-
ibration of the model; (2) the introduction of stochastic
processes, in particular for an individual-based modelling of
treemortality and growth; (3) the introduction of some control
variables for the simulation of management practices (fertil-
izing, timbering, etc.); and (4) a more detailed formalization
of climate change taking into account inter-annual variability
and extreme events on a stochastic basis. Long-term simula-
tions taking into account climate change may lead to realistic
predictions of pasture-woodland landscape dynamics under
various management scenarios and disturbance regimes.
WoodPaM could be easily adapted to reconstruct the past
evolution of wooded areas under the grazing pressure of wild
large herbivores in lowlands. This should provide some insight
in the debate about the role of grazing in the structure and
dynamics of primeval forests.
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